1. Introduction {#sec1-ijms-20-02636}
===============

Osteoarthritis (OA) is a major chronic illness currently impacting a large group of patients, with rising costs for the European healthcare system. The lack of long-term disease-modifying treatments worsens the economic OA burden. Therefore, the search for innovative opportunities is tackled by scientists to improve current therapeutic strategies \[[@B1-ijms-20-02636]\]. Among different approaches, the use of cell-based therapies has garnered considerable attention for promoting repair tissue responses due to cell differentiation and trophic activities \[[@B2-ijms-20-02636]\]. Adipose-derived stromal cells (ASCs) represent good candidates, as they are available easily in a considerable amount through liposuction procedures. The repair potential of ASCs obtained a broad translational significance in a range of diseases, including OA \[[@B3-ijms-20-02636],[@B4-ijms-20-02636]\]. Preclinical and clinical studies, based on the use of ASCs, reported encouraging results in modulating biological tissue responses and showed satisfactory results in OA patients. This effect is because of the higher immunomodulatory capacity of ASCs than bone marrow-derived mesenchymal stromal cells \[[@B5-ijms-20-02636],[@B6-ijms-20-02636],[@B7-ijms-20-02636],[@B8-ijms-20-02636]\]. Indeed, ASCs can mediate, through trophic activities, the release of anabolic, anti-fibrotic, and anti-apoptotic growth factors within the OA microenvironment, contributing to reducing inflammatory and fibrosis responses \[[@B8-ijms-20-02636],[@B9-ijms-20-02636],[@B10-ijms-20-02636]\].

Recently, the entire adipose niche has gained great attention because it is a reservoir of a heterogeneous cellular population, including progenitor cells, pericytes, endothelial cells, fibroblasts, pre-adipocytes, monocytes, macrophages, as well as an extracellular matrix (ECM) \[[@B11-ijms-20-02636],[@B12-ijms-20-02636]\]. The biological significance in using this niche arises from the idea that the cross talk among progenitors and accessorise cells promote several repair and remodelling processes. The presence of immune cells and macrophages within the adipose niche can play a crucial role in mediating the clinical outcome. Macrophages can display classical inflammatory M1 \[[@B13-ijms-20-02636],[@B14-ijms-20-02636]\] and, alternatively, wound-healing M2 \[[@B15-ijms-20-02636],[@B16-ijms-20-02636]\] phenotypes that allow the participation of both pathological and physiological activities \[[@B9-ijms-20-02636]\]. First applications of the adipose niche as an adipose stromal vascular fraction (SVF) were possible through the use of specific enzymatic treatments, including collagenase and trypsin \[[@B17-ijms-20-02636]\]. Several studies confirmed the clinical value of autologous adipose SVF alone or in combination with platelet-rich plasma (PRP) or hyaluronic acid (HA) for different orthopaedic applications, including OA \[[@B18-ijms-20-02636],[@B19-ijms-20-02636]\]. Possible concerns about enzymatic treatment, cell manipulation, pathogen contamination, and other regulations moved scientists to search for new alternatives to obtain an intact adipose niche \[[@B20-ijms-20-02636],[@B21-ijms-20-02636]\]. To this end, scientists took advantage of ultrasounds, pressure, shear, and mechanical forces to process adipose tissue using various closed devices \[[@B22-ijms-20-02636]\]. In particular, the Food and Drug Administration (FDA) defined mechanical effects among the minimal manipulations \[[@B23-ijms-20-02636]\]. Besides EU legislation rules and safety considerations, the research focus aims to answer important biological questions to predict and assess the efficiency of potential therapeutic strategies. The impact of cell fate on repair mechanisms is being increasing accepted, because low and inefficient cell homing into injury sites can lead to a poor clinical outcome, thereby increasing the risk of failure \[[@B24-ijms-20-02636],[@B25-ijms-20-02636]\]. Indeed, evaluating cell distribution and safety are among the main requirements for the use of advanced-therapy medicinal products \[[@B26-ijms-20-02636],[@B27-ijms-20-02636]\]. Recently, our group has demonstrated the ASCs migration towards the synovial membrane and the meniscus following an intra-articular delivery in a preclinical animal model of OA, with various chondroprotective effects \[[@B8-ijms-20-02636]\]. It remains necessary to clarify how the SVF and the micro fragmented adipose tissues (MFAT), after enzymatic and mechanical treatments, respectively, regulate cell homing in joint tissues in an OA setting. Therefore, the main aim of this study was to evaluate the migration pattern of expanded ASCs, SVF, and MFAT, delivered via an intra-articular (IA) route into the knee joint in a preclinical in vivo OA model.

2. Results {#sec2-ijms-20-02636}
==========

2.1. Expanded-ASCs, SVF, and MFAT Displayed Good Cell Viability and Expression of Progenitor Markers {#sec2dot1-ijms-20-02636}
----------------------------------------------------------------------------------------------------

ASCs displayed a spindle-shaped morphology, whereas both MFAT and SVF showed a mixed population of polygonal and fibroblastic cells, some containing lipid droplets in their cytoplasm. SVF and MFAT displayed cell population doublings comparable to ASCs. A Live/ Dead assay showed that all cell-based treatments displayed good percentages of cellular viability ([Figure 1](#ijms-20-02636-f001){ref-type="fig"}A). The mean SVF yield following enzymatic digestion ranged from 7 to 10 × 10^5^ nucleated cells per gram of adipose tissue. Due to the physical consistency of MFAT, it was not possible to perform a direct cell count. Haematoxylin and Eosin staining gave evidence of a mesh network containing blood vessels, pre-adipocytes with lipid droplets, and monocytes in the MFAT compound. Phenotypical analyses on ASCs, SVF, and MFAT gave evidence of strong positivity for the mesenchymal markers, CD-146 and CD-90, and a low percentage for the hematopoietic marker, CD-45. In particular, ASCs displayed higher CD90 and CD-146 protein expression compared to the CD-45 marker (*p* \< 0.01 and *p* \< 0.05, respectively). SVF showed a higher expression for CD-90 compared to CD-163 and CD-45 markers (*p* \< 0.05). A higher level of CD-90 was evident in MFAT group compared to the CD-45 marker (*p* \< 0.05). In general, MFAT displayed a higher CD-163 protein expression when compared to SVF product (*p* \< 0.05). ASC treatment displayed the lowest CD-45 protein level when compared to the SVF group (*p* \< 0.05) ([Figure 1](#ijms-20-02636-f001){ref-type="fig"}B).

2.2. ASCs, SVF, and MFAT Treatments Displayed a Distinctive Migration Pattern in the Synovial Membrane at 7 and 30 Days {#sec2dot2-ijms-20-02636}
-----------------------------------------------------------------------------------------------------------------------

The IA delivery of the different treatments into the OA knee joint did not have severe side effects at both experimental time points. Quantification through image analysis allowed the count of cell distribution for each joint tissue. ASC, SVF, and MFAT treatments showed different migration patterns in joint tissues at 7 and 30 days ([Figure 2](#ijms-20-02636-f002){ref-type="fig"} and [Figure 3](#ijms-20-02636-f003){ref-type="fig"}). At day 7, ASCs showed higher tropism towards the synovial membrane compared to cartilage (*p* \< 0.0005) ([Figure 3](#ijms-20-02636-f003){ref-type="fig"}a,c), whereas its percentage dropped at day 30 in the synovial membrane (*p* \< 0.0005) ([Figure 3](#ijms-20-02636-f003){ref-type="fig"}d). The meniscus showed a moderate number of ASCs (30%) at day 7, and its expression resulted highly increased at day 30 (*p* \< 0.01) ([Figure 3](#ijms-20-02636-f003){ref-type="fig"}b,e). At day 30, ASCs migrated especially in the meniscus, when compared to the synovial membrane (*p* \< 0.01), and cartilage (*p* \< 0.01) ([Figure 3](#ijms-20-02636-f003){ref-type="fig"}d--f).

Similarly to ASCs, SVF displayed higher tropism towards the synovial membrane and the meniscus, whereas the cartilage showed the lowest cell percentages on day 7. In particular, a higher rate of migrating cells from SVF was detected in the synovial membrane when compared to cartilage (*p* \< 0.01) ([Figure 3](#ijms-20-02636-f003){ref-type="fig"}a,c). At day 30, the lowest number of SVFs was detected in the synovial membrane, whereas a higher percentage was detected in the meniscus and cartilage but with no statistical evidence ([Figure 3](#ijms-20-02636-f003){ref-type="fig"}d--f). As for the MFAT, most of the cells migrated towards the cartilage on day 7, with a reduction at long-term follow-up ([Figure 3](#ijms-20-02636-f003){ref-type="fig"} c,f). At day 7, MFAT displayed the lowest tropism for the synovial membrane; however, a noticeable increase was detected at day 30 (*p* \< 0.01) ([Figure 3](#ijms-20-02636-f003){ref-type="fig"}a,d). Expanded-ASCs, SVF, and MFAT showed different migration patterns in the synovial membrane at both time points. At day 7, MFAT displayed a lower cell migration in the synovial membrane compared to SVF (*p* \< 0.01) and ASCs (*p* \< 0.0005) groups. At day 30, MFAT showed, instead, a higher migration to the synovial membrane when compared to SVF (*p* \< 0.05) and ASCs (*p* \< 0.05) ([Figure 3](#ijms-20-02636-f003){ref-type="fig"}). Cartilage and meniscus tissues did not show significant differences among cell-based treatments at both time points ([Figure 3](#ijms-20-02636-f003){ref-type="fig"}).

2.3. Expanded-ASCs, SVF, and MFAT Treatments Displayed Different Percentages of CD-146^+^ Cells in the Cartilage and the Synovial Membrane {#sec2dot3-ijms-20-02636}
------------------------------------------------------------------------------------------------------------------------------------------

To explore the repair features of ASCs, SVF, and MFAT, co-localization analyses between CD-146, a reliable marker of pericytes, and PKH26-labelled cells were carried out ([Figure 4](#ijms-20-02636-f004){ref-type="fig"}a--f). ASCs showed similar levels of CD-146 in all joint tissues at day 7 ([Figure 4](#ijms-20-02636-f004){ref-type="fig"}a--c). The percentage of CD-146 progenitors in the ASC group increased in the meniscus from 7 to 30 days (*p* \< 0.05) ([Figure 4](#ijms-20-02636-f004){ref-type="fig"}a,d). Herein, the percentages of CD-146^+^ cells were higher in the meniscus compared to the synovial membrane (*p* \< 0.01) and cartilage (*p* \< 0.05) at day 30 ([Figure 4](#ijms-20-02636-f004){ref-type="fig"}d--f). As for SVF, the lowest percentage of CD-146 progenitors was found in the cartilage on day 7, with a slight increase at day 30 ([Figure 4](#ijms-20-02636-f004){ref-type="fig"}c,f). At day 7, the SVF compound displayed higher levels of CD-146 progenitors near the synovial membrane and meniscus compared to cartilage (*p* \< 0.05) ([Figure 4](#ijms-20-02636-f004){ref-type="fig"}a--c). The expression of CD-146^+^ cells was higher in the meniscus compared to the cartilage (*p* \< 0.01) in the SVF group at day 30 ([Figure 4](#ijms-20-02636-f004){ref-type="fig"}e,f). MFAT showed a lower percentage of CD-146^+^ cells in the synovial membrane when compared to the cartilage at day 7 (*p* = 0.005) ([Figure 4](#ijms-20-02636-f004){ref-type="fig"}a,c). In particular, the presence of CD-146+ cells in the MFAT group showed a time-dependent effect in the synovial membrane, with an increased expression at day 30 (*p* \< 0.05) ([Figure 4](#ijms-20-02636-f004){ref-type="fig"}a,d). At day 7, the highest expression of CD-146 was detected in the cartilage when compared to SVF (*p* \< 0.0005) ([Figure 4](#ijms-20-02636-f004){ref-type="fig"}b,c), whereas its expression decreased from days 7 to 30 in the cartilage (*p* \< 0.05) ([Figure 4](#ijms-20-02636-f004){ref-type="fig"}c,f). At day 30, the MFAT group showed the highest protein expression for the CD-146 marker in the meniscus compared to the cartilage (*p* \< 0.05) ([Figure 4](#ijms-20-02636-f004){ref-type="fig"}e,f). Expanded-ASCs, SVF, and MFAT showed a significant amount of CD-146^+^ progenitor cells only in the cartilage and in the synovial membrane. Differences among tissues for each experimental group, and the experimental groups for each joint tissue, were analyzed. As for the cartilage, the percentage of CD-146 ^+^ /PKH26^+^ cells was higher in MFAT compared to the ASC group on day 7. Conversely, SVF displayed a lower amount of CD-146^+^/PKH26^+^ cells than the ASC group at day 7 (*p* \< 0.01) ([Figure 4](#ijms-20-02636-f004){ref-type="fig"}). As for the synovial membrane, MFAT showed a greater number of CD-146^+^/PKH26^+^ cells than the ASC treatment (*p* \< 0.05) at day 30 ([Figure 4](#ijms-20-02636-f004){ref-type="fig"}).

2.4. Expanded-ASCs, SVF, and MFAT Treatments Showed Different Histological Findings in the Cartilage and Synovial Membrane at 7 and 30 Days {#sec2dot4-ijms-20-02636}
-------------------------------------------------------------------------------------------------------------------------------------------

Cartilage, synovial membrane, and meniscus showed various histological features after ASCs, SVF and MFAT treatments at 7 and 30 days ([Figure 5](#ijms-20-02636-f005){ref-type="fig"}a--c). The ASC, SVF, and MFAT groups displayed mild hypertrophy and hyperplasia in the lining layer of the synovial membrane. At day 7, the ASC and SVF groups presented a subintimal layer made up of a low number of inflammatory cells and the presence of several blood vessels. MFAT treatment showed, instead, moderate pro-inflammatory cellular infiltrates around the peri-vascular regions and a high amount of blood vessels. Some degenerative features in the synovial stroma and a higher proliferation of fibroblasts were found mainly in the MFAT than in the ASC and SVF groups at day 7 (*p* \< 0.01) (data not shown). Expanded-ASCs, SVF, and MFAT showed statistically different biological features in the synovial membrane at both time points. At day 7, SVF showed a higher score than the ASC treatment (*p* \< 0.05), whereas MFAT did not show any statistical evidence. At day 30, MFAT displayed a higher histological score than SVF treatment (*p* \< 0.01) reflecting the worst histological scenario ([Figure 6](#ijms-20-02636-f006){ref-type="fig"}).

All groups displayed similar histological features of the meniscus, although ASCs showed the best tissue architecture at 7 rather than 30 days (*p* \< 0.0005) (data not shown). The SVF group presented some horizontal tears in the superficial and mid meniscus regions with glycosaminoglycans in the inner body of tissue. No significant changes for matrix organisation and Safranin O staining were evident among all cell-based treatments. About the cellular arrangement, ASC treatment showed similar results at both time points, whereas both SVF and MFAT displayed some changes from 7 to 30 days (*p* \< 0.01) (data not shown). At day 30, the ASC group displayed cells with abundant cytoplasm, whereas the SVF and MFAT groups presented round and elongated cells, respectively. In general, the expanded-ASCs, SVF, and MFAT did not show histological differences at both time points ([Figure 6](#ijms-20-02636-f006){ref-type="fig"}).

As for cartilage, the ASC group showed an irregular tissue surface with the presence of fissures at day 7, as well as an extracellular matrix with a low proteoglycan content, and several cell clusters in the deep cartilagineous layer. At day 30, this treatment determined an increased proteoglycan content, a good cell organisation with round cells, and isogenous groups in the superficial and mid tissue layers, respectively ([Figure 5](#ijms-20-02636-f005){ref-type="fig"}a). The ASC group did not show any significant evidence between the two experimental times. The SVF group displayed tissue delamination, proteoglycan depletion, altered cell arrangement, and the presence of Safranin O negative cell clones, mainly near the deep cartilage zone. At day 30, SVF treatment contributed to improving tissue quality but with no statistical evidence. The extracellular matrix of the SVF group presented several areas of the Safranin O positive cell clones and an increased presence of proteoglycan within the extracellular matrix. The MFAT group showed significant cartilage histological improvements from 7 to 30 days. In particular, it displayed an increase of proteoglycan content (*p* \< 0.05) and a reduction of cell clones and fissuration processes (*p* \< 0.0005) ([Figure 5](#ijms-20-02636-f005){ref-type="fig"}). Expanded-ASCs, SVF, and MFAT gave evidence of several differences in cartilage score at both time points. At day 7, SVF displayed a lower score than the MFAT (*p* \< 0.01) and ASC (*p* \< 0.01) treatments. At day 30, MFAT showed a higher score than SVF (*p* \< 0.0005) and ASCs (*p* \< 0.01). Both SVF and MFAT groups displayed time-dependent effects for the cartilage. In particular, SVF showed the worst histological features from 7 to 30 days (*p* \< 0.0005), whereas the ASC group showed a better histological scenario (*p* = 0.004) ([Figure 6](#ijms-20-02636-f006){ref-type="fig"}).

3. Discussion {#sec3-ijms-20-02636}
=============

Intra-articular injection of ASCs is considered one of the main delivery routes for OA treatment by allowing, with minimal invasiveness, a direct cell release into the injury site and the synthesis of active bio-molecules to foster tissue repair \[[@B28-ijms-20-02636],[@B29-ijms-20-02636]\]. Possible concerns related to the risk of infection and genetic instability encouraged scientists to search for new alternatives for isolating SVF from the adipose tissue \[[@B22-ijms-20-02636],[@B23-ijms-20-02636],[@B30-ijms-20-02636],[@B31-ijms-20-02636]\]. The great emphasis on the use of the adipose niche is due to its micro-architecture, being a rich source of progenitor and immune cells \[[@B11-ijms-20-02636],[@B12-ijms-20-02636]\], and to its natural features \[[@B32-ijms-20-02636],[@B33-ijms-20-02636]\]. The biological significance of recruiting progenitor cells in the injured sites contributes to promoting tissue repair. So far, expanded-MSCs engraft to injured sites to re-establish the impaired tissue homeostasis \[[@B8-ijms-20-02636],[@B27-ijms-20-02636],[@B34-ijms-20-02636]\]. Although cells can attach to and penetrate joint tissues, they could undergo clearance from the joint space without guaranteeing long-term efficacy, thus limiting clinical success. This issue poses an urgent biological need, and evaluating cell migration can represent a valuable tool to predict the effectiveness of potential therapies and, thus, facilitate clinical decision making. Several studies analysed ASC behaviour in various preclinical models of OA. However, there are not many studies on SVF and MFAT therapies \[[@B8-ijms-20-02636],[@B19-ijms-20-02636],[@B35-ijms-20-02636],[@B36-ijms-20-02636],[@B37-ijms-20-02636]\]. Therefore, the main objective of this study is to evaluate the migratory profile of the adipose niche from standard SVF and MFAT and expanded-ASCs at short and long-term follow-ups.

Moreover, this study provides preliminary insights on the histopathological features of OA joint tissues after cell treatments up to a one-month follow-up. Methods for isolating ASCs, SVF, and MFAT rely on enzymatic and mechanical techniques. Based on our previous study, a selected concentration of 2 × 10^6^ ASCs \[[@B8-ijms-20-02636]\] and the processing of 10 mL of adipose tissue for preparing standard SVF and MFAT were carried out. SVF showed a cell yield ranging from 7 × 10^5^ to 10 × 10^5^ nucleated cells per gram of adipose tissue. However, no cell count was possible for the MFAT containing a heterogeneous cell population entrapped in an extracellular matrix. Like the ASCs and SVF, MFAT displayed a great positivity for CD-90 and CD-146 and a low percentage of CD-45^+^ cells \[[@B38-ijms-20-02636],[@B39-ijms-20-02636]\]. Further, MFAT showed a higher protein expression for CD-163 marker than SVF, suggesting the mechanical process did not reduce the M2 macrophage subset \[[@B15-ijms-20-02636],[@B16-ijms-20-02636]\]. Extensive *in vitro* studies on MFAT demonstrated the presence of an adipose niche rich of pericytes, showing the potential to differentiate towards osteogenic, chondrogenic, and adipogenic lineage and a low expression of basal inflammatory factors \[[@B39-ijms-20-02636],[@B40-ijms-20-02636],[@B41-ijms-20-02636]\].

First analyses evaluated the cellular viability of expanded-ASCs, SVF, and MFAT because of the possible concerns arising from the use of enzymatic and mechanical processes \[[@B42-ijms-20-02636]\]. Here, all treatments showed a high percentage of cell viability \[[@B39-ijms-20-02636]\]. To explore cell migration, we set up a rabbit model of OA and performed in vitro cell labelling with PKH26, a lipophilic membrane binding dye, exploring cell distribution for long-term follow-up \[[@B43-ijms-20-02636]\]. The expanded-ASC, SVF, and MFAT groups displayed distinctive migratory patterns only in the synovial membrane. In particular, ASCs and SVF displayed a high tropism for the synovial membrane, likewise for MFAT in cartilage at day 7. An opposite trend was noticed at day 30. It is possible to propose different hypotheses on the distinct migratory potential of ASCs, SVF, and MFAT. First, the physical features of cell preparations can influence their migration. ASCs and SVF are cell suspensions, while MFAT contains a variety of cells within a mesh of a collagen fibre network. Likely, the structure of MFAT could allow the long-term survival of cells in hypoxic tissues like cartilage by avoiding the degradation by enzymes, thus ensuring a gradual release of cytokines over time \[[@B44-ijms-20-02636]\]. To date, the physiological hypoxic conditions of the cartilage are enhanced in OA due to the oxygen consumption by the synovial membrane and a reduction of O~2~ tension in the synovial fluid \[[@B45-ijms-20-02636]\]. Although SVF and MFAT display biological similarities \[[@B42-ijms-20-02636]\], their different migrations are likely dependent on the methods used for isolating stromal vascular fraction. To this end, we found that expanded-ASCs and SVF, both isolated with enzymatic techniques, showed lower levels of the CD-163 marker when compared to MFAT. The different migration pattern of MFAT at long-term follow-up could instead result from the physiological degradation of its collagen network. Indeed, the long-lasting presence of labelled cells from the ASC, SVF, and MFAT groups, and the positivity for CD-146 marker, could have clinical significance, ensuring a cellular reservoir based on the body's demands.

In general, all treatments presented several repair responses in joint tissues. Similar to the ASC treatment, MFAT already showed cartilage repair at one month. MFAT displayed a prolonged secretory activity through the release of a granulocyte-colony stimulating factor (G-CSF) and hepatocyte growth factor (HGF) involved in cartilage repair \[[@B46-ijms-20-02636]\]. However, MFAT displayed lower repair processes in the synovial membrane than ASC and SVF treatments at one month. Recently, Paolella et al. reported the active role of MFAT in mediating the activity of synovial macrophages through a decrease of CCL2/MCP1 and CCL3/MIP1α in a preclinical *in vitro* study \[[@B41-ijms-20-02636]\]. Moreover, Nava S et al. demonstrated that MFAT releases mediators with more long-lasting anti-inflammatory properties than mesenchymal stromal cells under serum-free cell culture conditions \[[@B46-ijms-20-02636]\]. Therefore, further studies are necessary to unravel the interplay between MFAT and the synovial membrane, as this anatomical site has an essential role in mediating OA changes and symptoms \[[@B47-ijms-20-02636]\].

Findings from this study propose some preliminary explanations about the mechanisms of action of expanded-ASCs, SVF, and MFAT. While several authors have proven the effectiveness of ASCs in osteoarticular diseases and OA through the reduction of hypertrophy, inflammation, and dedifferentiation of chondrocytes \[[@B8-ijms-20-02636],[@B48-ijms-20-02636],[@B49-ijms-20-02636]\], little is known about SVF and, especially, MFAT. Preclinical and clinical studies on SVF demonstrated its chondroprotective, immunomodulatory, and angiogenic properties \[[@B18-ijms-20-02636],[@B23-ijms-20-02636],[@B43-ijms-20-02636]\], suggesting its potential use for the treatment of osteochondral diseases. Recently, several authors reported some benefits in the use of MFAT by using a preclinical OA animal model and a prospective, non-randomized, interventional, single-centre, clinical trial for OA patients focused on the evaluation of proteoglycan \[[@B50-ijms-20-02636],[@B51-ijms-20-02636]\]. Moreover, Jannelli E and Fontana A. suggested the use of MFAT to treat delamination and first and second degree chondral lesions \[[@B52-ijms-20-02636]\].

In general, we can speculate that the synovial membrane mainly mediates the wound-healing activity of ASCs and SVF by switching- off inflammatory signals through the activation of M2 macrophages. To this end, Manferdini et al. demonstrated that ASCs reduce inflammation through the tcyclooxygenase 2 (COX-2)/prostaglandin E2 (PGE2) pathway by switching M1 inflammatory macrophages into an M2-like phenotype \[[@B48-ijms-20-02636],[@B53-ijms-20-02636]\] in the synovial membrane. Similarly, Bowles AC et al. proved in an experimental autoimmune encephalomyelitis (EAE) model that both ASCs and SVF promote regulatory T cells and M2 wound-healing macrophages, thereby reducing neuroinflammation in the central nervous system \[[@B54-ijms-20-02636]\]. As for MFAT, we speculate that this treatment can exert anti-inflammatory and repair activities directly on cartilage tissue due to its trophic activity and the wound-healing activity of CD-163^+^ macrophages contained in its niche. Further, G-CSF could contribute to promoting repair processes in OA tissues by inhibiting fibrosis, as some authors have recently demonstrated an anti-fibrotic response in a model of pulmonary fibrosis with the activation of the AKT signalling pathway \[[@B55-ijms-20-02636]\]. On the other hand, HGF could promote an anti-inflammatory response through the inhibition of TNF-α \[[@B55-ijms-20-02636]\], typically involved in inflammation in the OA context. This study has some limitations, including the lack of a sham-operated control for cell labelling, a high number of markers for cell characterization, and histological assessments at long-term follow-ups to elucidate the role of the adipose niche in tissue repair.

Nevertheless, this study suggests a validated OA animal model, whereby expanded-ASCs, SVF, and MFAT displayed a long-term and distinctive cell migration in the synovial membrane, thus opening interesting clinical insights on their potential use for OA treatment. Moreover, the highest expression of CD-163 in MFAT rather than SVF might have an important biological significance in directly mediating cartilage tissue repair responses.

4. Materials and Methods {#sec4-ijms-20-02636}
========================

4.1. Experimental Design {#sec4dot1-ijms-20-02636}
------------------------

The experimental protocol and surgical procedures for the animal study were approved by the Ethical Committee of the Rizzoli Orthopedic Institute and authorised by the Italian Ministry of Health (n° 862/2015-PR del 24/08/2015). Experimental research was carried out in compliance with Italian Law and according to EC Rules (Law by the Decree, n.26/2014 with the "Guide for the Care and Use of Laboratory Animals". After pharmacological premedication with i.m. administration of a mixture of ketamine and xylazine, general anaesthesia was maintained with spontaneous breathing with O~2~/air and isoflurane 2%--3% with a facial mask. OA was surgically induced by bilateral anterior cruciate ligament transection (ACLT) in 18 skeletally mature male New Zealand rabbits (Harlan Laboratories, Inc., San Pietro di Natisone---Udine, Italy) (3 ± 0.5 Kg) through the use of standardised and validated surgical procedures \[[@B27-ijms-20-02636],[@B56-ijms-20-02636]\]. All animals underwent standard antibiotics and analgesic administration. Animals were housed individually in a controlled environment (22 ± 1 °C, 55 ± 5% HR) with free access to food and water and were maintained for at least ten days before the beginning of the surgical procedures for acclimatisation. A total of 18 animals were divided into 3 experimental groups with bilateral treatments as follows: i) micro-fragmented adipose tissue (MFAT), using the Lipogems^®^ kit (*n* = 6, 12 joints); ii) stromal vascular fraction (SVF) (*n* = 6, 12 joints); and iii) 2 × 10^6^ expanded-ASCs (*n* = 6, 12 joints). Seven and thirty days were chosen as experimental times to monitor cell migration. A sham-operated group and an untreated group at eight weeks from ACLT (OA group) from a previous study \[[@B8-ijms-20-02636]\] were used as experimental controls for histological evaluations to minimise the number of animals according to the principle of the 3 Rs (Replacement, Reduction and Refinement). At the time of euthanasia, osteochondral samples from femoral condyles and tibial plateau, menisci, synovial membrane, and ligaments were collected and processed, as already described in our previous work \[[@B8-ijms-20-02636],[@B27-ijms-20-02636]\].

4.2. In Vitro Cell Processing: Cell Viability and Morphology {#sec4dot2-ijms-20-02636}
------------------------------------------------------------

Adipose tissue was harvested under general anaesthesia from the inguinal area of 18 rabbits to isolate and process three cell preparations (expanded-ASCs, SVF, and MFAT), for the following intra-articular (IA) delivered into the knee joint. Ten milliliters of adipose tissue were processed in a closed system using Lipogems^®^ processing kit (Lipogems International SRL, Milan, Italy) to obtain MFAT. In brief, adipose tissue was placed inside the Lipogems device containing beads and fragmented by using mild mechanical forces and reduction filters to remove red blood cells and oil residues, without the addition of enzymes \[[@B42-ijms-20-02636]\]. A small amount of MFAT was immediately fresh-frozen in liquid nitrogen and stored at −80 °C until their processing to perform morphological and viability assessments. The remaining portion of MFAT was plated into the culture medium to evaluate the release of progenitor cells from MFAT. As for SVF, 10 mL of adipose tissue were processed with 0.4 U/mL of collagenase NB4 standard grade (Serva Electrophoresis, GmbH, Heidelberg, Germany) for 30 min at 37 °C, and then the enzymatic activity was blocked with an α-MEM (Gibco, Carlsbad, CA, USA) medium supplemented with 15% fetal bovine serum (FBS) and 0.05 g/mL penicillin G (Gibco). Samples were centrifuged at 600 g for 10 min, and the pellet was resuspended with the culture medium and plated into culture flasks. As for the expanded-ASCs, the SVF fraction was initially plated at a density of 4000 cells/cm^2^, and then adherent cells were cultured and expanded for two weeks (density 2000 cells/cm^2^) in a complete α-MEM medium (Gibco) up to passage 2 at 37 °C, 5% CO~2~ in a humidified Heracell 150 i incubator (Thermo Fisher Scientific, Waltham, MA, USA). At 80% of confluence before passaging, cells were detached with a trypsin-EDTA solution 0.25% (PAA Laboratories, Linz, Austria). Cell viability was assessed via Live/Dead staining (Thermo Fisher Scientific, Waltham, MA, USA) for MFAT, SVF, and expanded-ASCs, according to manufacturers' protocol, and evaluated with DS-Ri2 microscope by with fluorescein isothiocyanate (FITC) and Tetramethyl Rhodamine Iso-Thiocyanate (TRITC) channels to evaluate the number of live and dead cells in six microscopic fields (10×), respectively. Cell preparations were evaluated by immunofluorescence analyses for CD-45, CD-90, CD-146, and CD-163. Assessments were carried out on slides following the fixation with 4% PFA. Cell preparations were incubated firstly with 1% bovine serum albumin (BSA) (Sigma-Aldrich, St Louis, MO, USA) to avoid unspecific bindings and then with monoclonal antibodies against mouse monoclonal CD-45 (5 µg/mL; Origene, Bangalore, India), CD-90 (2.5 µg/mL; Thermo Fisher Scientific, Waltham, MA, USA), CD-146 (5 µg/mL; AbD Serotec, Bath, United Kingdom), and CD-163 (1µg/mL; Abcam, Cambridge, United Kingdom) diluted in Trizma buffered saline (TBS) for one hour at room temperature (RT). After three washes with TBS, slides were incubated with anti-mouse secondary antibodies conjugated with fluorescein isothiocyanate (FITC) (5 µg/mL; Dako, Santa Clara, CA, USA). After incubation, slides were washed and mounted in a polyvinyl alcohol mounting medium with 1,4-Diazabicyclo\[222\]octane (DABCO) (Sigma-Aldrich) containing one µg/mL 4,6-diamidino-2-phenylindole dihydrochloride hydrate (DAPI; Sigma-Aldrich). A DS-Ri2 microscope (Nikon, Tokyo, Japan), containing NIS-Elements Software (Nikon, Tokyo, Japan), allowed the evaluation of cell preparations. A hue Saturation Intensity (HIS) system was used for image analysis. After having defined pixels for the negative controls, we evaluated percentages of positivity for the different markers, setting the Hue range values to 150--255 and saturation and the intensity range values to 20--255.

4.3. Cell Labelling and Preparation for Local Biodistribution Studies {#sec4dot3-ijms-20-02636}
---------------------------------------------------------------------

MFAT, SVF, and expanded-ASCs were labelled with a PKH26 Red Fluorescent Cell Linker (Sigma-Aldrich), a lipophilic fluorescent membrane dye, and evaluated at 7 and 30 days following their intra-articular delivery in OA rabbits. In brief, cells were incubated for 5 min at room temperature (RT) with two µM PKH26 re-suspended in the PKH diluent, an iso-osmotic, salt and a solvent-free vehicle supplied within the kit. After the incubation, cell preparations were firstly placed in an α-MEM medium to stop the reaction and then washed five times with a physiological solution (PS) to remove unbound dye. After having obtained the labeled-MFAT, SVF, and 2 × 10^6^ expanded-ASCs, each cell preparation was re-suspended in 300 µl PS, and intra-articularly injected into the joint capsule after OA onset.

4.4. In Vivo Local Biodistribution: Cell Localisation and CD-146 Assessment {#sec4dot4-ijms-20-02636}
---------------------------------------------------------------------------

All animals have reached experimental times without complications during the postoperative period. At the scheduled experimental times, animals were euthanised under deep general anaesthesia with intravenous administration of Tanax^®^, and joint tissues were harvested. Femoral condyles, tibial plateau, menisci, and synovial membrane were fixed in 10% neutral buffered formalin and decalcified in 4% hydrochloric acid and 5% formic acid (Sigma-Aldrich) when the bone component was present, to be finally processed and have paraffin embedded. Tissue sections (5 µm) were cut and counterstained with one µg/mL DAPI (Sigma-Aldrich) for nuclear staining. Three slides for each tissue at different depth were analysed using a DS-Ri2 microscope (Nikon, Tokyo, Japan).

Moreover, we analysed the presence of a cluster of differentiation (CD)-146 in the labelled cells of each anatomical site through immunofluorescence analysis. To this end, sections were deparaffinized and incubated with 1% BSA (Sigma-Aldrich) for 10 min at RT and then with a monoclonal antibody against mouse monoclonal CD-146 (0.5 µg/mL; AbD Serotec, Dusseldorf, Germany). After washing with TBS, tissues were incubated with an anti-mouse secondary antibody conjugated with FITC (5 µg/mL; Dako). Samples were then washed with TBS and mounted in a polyvinyl alcohol mounting medium with DABCO containing DAPI (Sigma-Aldrich). After the immunofluorescence analysis, we acquired whole tissue sections using DAPI, FITC, and TRITC filters to evaluate nuclei, CD-146 positivity, and PKH-26 labelled cells, respectively. Then, we merged DAPI, FITC, and TRICT triple filters to one image for each tissue, on which we carried out the image analysis considering co-localization signals from the labelled-cells (TRITC filter) and the CD-146 marker (FITC filter). Quantification was expressed as a percentage of the co-localization of FITC^+^/TRITC^+^ signals using a Hue Saturation Intensity (HIS) system with NIS-Elements Software (Nikon, Tokyo, Japan) through a DS-Ri2 microscope. We set the threshold range values of Hue at 170--255 and Saturation and Intensity at 40--255.

4.5. Histological Analyses of Tissue Explants {#sec4dot5-ijms-20-02636}
---------------------------------------------

Femoral condyles, synovial membranes, and meniscus specimens were processed as previously described. After tissue processing, osteochondral and meniscus specimens were stained with Safranin-O/Fast Green (Sigma Aldrich), whereas synovial membranes were stained with Haematoxylin/Eosin (Sigma Aldrich) to monitor proteoglycan/collagen content and tissue architecture, respectively. Seven sagittal osteochondral, meniscus and synovium sections, spaced ten sections apart, were graded for OA severity using validated semi-quantitative Laverty's scores \[[@B57-ijms-20-02636],[@B58-ijms-20-02636]\] and a modified Pauli's score \[[@B27-ijms-20-02636],[@B59-ijms-20-02636]\], respectively. In brief, Laverty's scores for cartilage and synovium have a scale from 0 to 24 and 0 to 30, respectively. Laverty's score for cartilage considered the following histopathological features: safranin-O/Fast green staining, cartilage structure, chondrocyte density, and cluster formation. The Laverty score for synovium takes into account the following histological features: synoviocytes (proliferation, hypertrophy), the inflammatory state, and the synovial stroma (hyperplasia, the proliferation of blood vessels, the proliferation of fibroblasts, and cartilage/bone detritus). The modified Pauli's score takes into account the following histopathological features: surface, cellularity, matrix organisation, and matrix staining, and has a scale from 0 to 18. For all the proposed scores, the lowest values reflect healthy tissues, whereas the highest value reflect scenarios of severe OA. All evaluations were performed with a DS-Ri2 microscope (Nikon, Tokyo, Japan); the samples were blinded to the researchers.

4.6. Statistical Analysis {#sec4dot6-ijms-20-02636}
-------------------------

Statistical analysis was carried out using the Statistical Package for the Social Sciences (SPSS Inc., Chicago, IL, USA) software version 15.0 (SPSS Inc.). Data are reported at 95% confidence intervals (CI) of the mean ± standard deviation (SD). Post-hoc comparisons with Mann Whitney test, evaluated by Montecarlo Method for small samples and Bonferroni correction for multiple comparisons, were carried out to assess phenotypical differences among ASCs, SVF, and MFAT. The Friedman Wilcoxon posthoc test with Bonferroni correction was used for paired comparisons to evaluate the phenotypical differences of each group at the different experimental times.

The general linear model (GLM) with Sidak correction for multiple comparisons was used, instead, to assess the influence of the kind of treatment and experimental time on cell biodistribution, CD-146 protein expression in labelled cells within the joint tissues, and cartilage, synovium and meniscus scores. Data were considered significant with *p* \< 0.05.
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![Viability and characterisation assessments of expanded-adipose stromal cells (ASC), stromal vascular fraction (SVF), and micro fragmented adipose tissue (MFAT). (**A**) Representative micrographs of Live/Dead analyses; blue staining: nuclei counterstaining; green staining: viable cells; red staining: dead cells; scale bar: 100 µm; (**B**) Bar graph reporting % of live cells for ASCs, SVF, and MFAT compounds as 95% confidence intervals (CI) of the mean ± standard deviation (SD). (**C**) Graphical representation of protein expression for CD-45, CD-90, CD-146, and CD-163 in ASCs, SVF and MFAT compounds detected by immunofluorescence analysis. Data are shown at 95% confidence intervals (CI) of the mean ± standard deviation (SD). Data were considered significant with *p* \< 0.05: (a) % CD45 versus CD-90 in the ASC group; (b) % CD-45 versus CD-146 in the ASC group; (c) % CD-45 versus CD-90 in the MFAT group; (d) % CD-90 versus CD-163 in the SVF group; (e) % CD-163 in the SVF versus % CD-163 in the MFAT group.](ijms-20-02636-g001){#ijms-20-02636-f001}

![Representative micrographs of local biodistribution analyses at 7 and 30 days after intra-articular delivery of ASCs, SVF, and MFAT in the synovial membrane, the meniscus and the cartilage in an osteoarthritis (OA) rabbit model. (**a**) ASCs, (**b**) SVF, and (**c**) MFAT. Scale bar: 100 µm. Blue staining: nuclei counterstaining (dihydrochloride hydrate (DAPI) channel); red staining: PKH26 cell-labelling (Tetramethyl Rhodamine Iso-Thiocyanate (TRITC) channel); green staining: CD-146^+^ cells (with fluorescein isothiocyanate (FITC) channel); yellow staining: co-localization of PKH26^+^/CD-146^+^ cells. Black arrows: indications of some co-localized areas.](ijms-20-02636-g002){#ijms-20-02636-f002}

![Graphical representation of local biodistribution analyses at day 7 (**a**--**c**) and day 30 (**d**--**f**) after intra-articular delivery of ASCs, SVF, and MFAT in the synovial membrane, the meniscus and the cartilage in a preclinical model. Data are shown at 95% confidence intervals (CI) of the mean ± standard deviation (SD). Data were considered significant with *p* \< 0.05. (a) ASCs in synovium versus ASCs in cartilage at day 7; (b) ASCs at day 7 versus day 30 in synovium; (c) ASCs in cartilage at day 7 versus day 30 in the meniscus; (d) ASCs in synovium versus ASCs in the meniscus at day 30; (e) ASCs in synovium versus ASCs in cartilage at day 30; (f) SVF in synovium versus SVF in cartilage at day 7; (g) MFAT at day 7 versus day 30 in synovium; (h) SVF versus MFAT in synovium at day 7; (i) ASCs versus MFAT in synovium at day 7; (l) ASCs versus MFAT in synovium at day 30; (m) SVF versus MFAT in synovium at day 30.](ijms-20-02636-g003){#ijms-20-02636-f003}

![Graphical representation of the co-localized expression of progenitor cells and PKH26-labelled cells at day 7 (**a**--**c**) and day 30 (**d**--**f**) after intra-articular delivery of ASCs, SVF, and MFAT in the synovial membrane, the meniscus, and the cartilage. Data are shown at 95% confidence intervals (CI) of the mean ± standard deviation (SD). Data were considered significant with *p* \< 0.05. (**a**) % PKH26 ^+^ /CD-146^+^ in the ASCs at day 7 versus ASCs at day 30 in the meniscus; (**b**) % PKH26^+^/CD-146^+^ in the ASCs in the synovium versus the ASCs in the meniscus at day 30; (**c**) % PKH26^+^/CD-146^+^ in SVF in the synovium versus SVF in cartilage at day 7; (**d**) % PKH26^+^/CD-146^+^ in SVF in meniscus versus SVF in cartilage at day 7; (**e**) % PKH26^+^/CD-146^+^ in the meniscus versus SVF in cartilage at day 30; (**f**) % PKH26^+^/CD-146^+^ in the MFAT in the synovium versus MFAT in cartilage at day 7; (g) % PKH26^+^/CD-146^+^ in MFAT at day 7 versus MFAT at day 30 in the synovium; (**h**) % PKH26^+^/CD-146^+^ in the SVF versus MFAT at day 7 in the cartilage; (**i**) % PKH26^+^/CD-146^+^ in MFAT at day 7 versus day 30 in cartilage; (**l**) % PKH26^+^/CD-146^+^ in MFAT in meniscus versus MFAT in cartilage at day 30; (m) % PKH26^+^/CD-146^+^ in ASCs versus MFAT in the synovial membrane at day 30. (n) % PKH26^+^/CD-146^+^ in ASCs versus SVF in the cartilage at day 7.](ijms-20-02636-g004){#ijms-20-02636-f004}

![Representative micrographs of histological assessment of ASCs (**a**), SVF (**b**), and MFAT (**c**) in the synovial membrane; the meniscus and the cartilage were stained with Hematoxylin/Eosin and Safranin-O/Fast Green, respectively, at 7 and 30 days. Scale bar: 50 µm. Black arrows: indications of some histological details in tissue specimens. BV: blood vessels; I: inflammatory processes; H: hyperplastic and hypertrophic processes in the synovial membrane; T: tear presence in meniscus C: cell clones within the extracellular matrix in cartilage; F: fibrillation processes; IG: isogenic groups.](ijms-20-02636-g005){#ijms-20-02636-f005}

![Graphical representation of synovium (Laverty's score), meniscus (Modified Pauli's score), and cartilage (Laverty' score) at day 7 (**a**--**c**) and day 30 (**d**--**f**) after intra-articular delivery of ASCs, SVF, and MFAT in the synovial membrane, the meniscus and the cartilage. Data are shown at 95% confidence intervals (CI) of the mean ± standard deviation (SD). Data were considered significant with *p* \< 0.05. Black dashed lines report the values of the sham group from a previous study. (**a**) Synovium score of the ASC group versus the SVF group at day 7; (**b**) synovium score of the SVF group versus the MFAT group at day 30; (**c**) cartilage score of the ASC group at day 7 versus ASCs at day 30; (d) cartilage score of the SVF group at day 7 versus SVF at day 30; (**e**) cartilage score of MFAT at day 7 versus MFAT at day 30; (**f**) cartilage score of ASCs versus SVF at day 7; (**g**) cartilage score of SVF versus MFAT at day 7; (**h**) cartilage score of SVF versus MFAT at day 30; (**i**) cartilage score of ASCs versus MFAT at day 30.](ijms-20-02636-g006){#ijms-20-02636-f006}
